Abstract The sagittal spinopelvic balance is poorly documented in normal pediatric subjects. The purpose of this study is to characterize the sagittal spinopelvic balance in the pediatric population and to evaluate the correlations between spinopelvic parameters. Seven parameters were evaluated from the lateral standing radiographs of 341 normal subjects aged 3-18 years old: thoracic kyphosis (TK), thoracic tilt (TT), lumbar lordosis (LL), lumbar tilt (LT), sacral slope (SS), pelvic tilt (PT) and pelvic incidence (PI). The mean values for the pelvic parameters were 49.1±11.0, 7.7±8.0 and 41.4±8.2°for PI, PT and SS, respectively. The mean values for the spinal parameters were 48.0±11.7, 44.0±10.9, )7.3±5.2 and )3.1±5.2°for LL, TK, LT and TT, respectively. The spinopelvic parameters were different from those reported in normal adults, but the correlations between the parameters were similar. PI was significantly related to SS and PT. Significant correlations were found between the parameters of adjacent anatomical regions. Pelvic morphology (PI) regulates sagittal sacro-pelvic orientation (SS and PT). Sacral orientation (SS) is correlated with the shape (LL) and orientation (LT) of the lumbar spine. Adjacent anatomical regions of the spine and pelvis are interdependent, and their relationships result in a stable and compensated posture, presumably to minimize energy expenditure. Results from this study could be used as an aid for the planning of surgery in pediatric patients with spinal deformity in order to restore a relatively normal sagittal spinopelvic balance. energy expenditure. Accordingly, a change in the shape or orientation of any anatomic segment will modify the shape and/or orientation of adjacent segments of the spine and pelvis. Up to now, there is no study documenting the correlations between spinal and pelvic sagittal geometries in the normal pediatric population. Knowledge of the normal spinopelvic balance in normal children and adolescents could be particularly helpful in the evaluation and surgical planning of pediatric patients with spinal deformity.
The purpose of this work is to investigate the spinopelvic balance in normal children and adolescents. More specifically, the main objectives are to evaluate the relationships between sagittal spinal and pelvic parameters, and to compare these results with a previous study of normal adults [2] .
Materials and methods
A multicenter cohort of 341 normal children and adolescents from the clientele of eight spine surgeons were evaluated in this retrospective study. The first 180 subjects have already been reported in a previous study [21] , while the last 161 subjects were recently added to the cohort. These subjects were referred for consultation by their family physician or pediatrician in order to rule out the presence of adolescent idiopathic scoliosis (AIS). All the subjects had standing posteroanterior (PA) and lateral (LAT) radiographs of the spine and pelvis done as part of their clinical evaluation to rule out AIS. All the radiographs were ordered by each spine surgeon and were not done specifically for this study. In all the participating institutions, a 30·90 cm LAT radiograph was obtained for each subject facing forward and standing in a comfortable position with the hips and knees fully extended. For all the subjects, the elbows were fully flexed and the fists were resting on the clavicles, as recommended by Faro et al. [8] and Horton et al. [12] , in order to minimize the postural changes in the sagittal plane, while allowing adequate visualization of the spine.
The inclusion criteria for recruitment were: (1) availability of PA and LAT X-rays of the spine and pelvis, (2) no clinical or radiological evidence of spinal deformity, (3) age between 3 and 18 years, and (4) visibility of both femoral heads on the LAT radiographs. All subjects with a history or clinical signs of hip, pelvic or lower limb disorder were excluded from the study. Patients with radiological signs of LeggCalve-Perthes disease or leg length discrepancy of more than 1 cm were excluded. There were 137 males and 204 females with a mean age of 12.1 years (standard deviation: 3.3). The mean age was similar between males and females.
The SagittalSpine software (Optimage, Lyon, France) was used to assess the sagittal alignment of the spine and pelvis of all subjects. All computer measurements were done by the same experienced observer. The technique has been described in previous studies [1, 29] and can be summarized as follows. Pelvic incidence (PI), sacral slope (SS) and pelvic tilt (PT) (Fig. 1) were obtained after identifying eight anatomical landmarks: anterior and posterior corners of S1 vertebra, and any three points on the contour of each femoral head. The software also generates a geometric model of the spine in the sagittal plane (Fig. 2) , which is composed of: (1) a thoracic segment, (2) a straight thoracolumbar junction and (3) a lumbar segment. The thoracic kyphosis (TK) and lumbar lordosis (LL) correspond to the angles contained by the two arcs of circle used to model the thoracic and lumbar segments, respectively. The intra-and inter-observer variability of these measurements is ±1°with intraclass correlation coefficients between 0.93 and 0.99, as reported by Berthonnaud et al. [3] . In addition, segmental balance was assessed from the orientation of the thoracic and lumbar segments with respect to a vertical line using the technique described by Berthonnaud et al. [2] (Fig. 3) . The thoracic tilt (TT) and the lumbar tilt (LT) are positive when the segment is tilted forward and negative when tilted backward. In total, there were one morphological parameter (PI) that was not influenced by subject positioning, two pelvic orientation parameters (SS and PT), two spinal shape parameters (LL and TK) and two spinal orientation parameters (LT and TT).
The data was analyzed using descriptive statistics and correlation studies with the Statistica software (StatSoft, Tulsa, OK, USA). Comparisons were made using twotailed Student t and the relationships between parameters were assessed using Pearson's coefficients. The level of significance was set to 0.01 due to the high number of statistical tests performed.
Results Table 1 provides the measured parameters for all the subjects and separately for males and females. Females tend to have increased absolute values for all the measured parameters except SS. TT is significantly different between males and females, although the mean difference is only 1.5°. TT is tilted backward for 75.1% of subjects. The majority of subjects (93.5%) also stand with a negative LT. Table. 2 and 3 present the values obtained in the current study in comparison to those of Mac-Thiong et al. [21] and Berthonnaud et al. [2] , respectively. Results from the current study are similar to those MacThiong et al. [21] reported for normal children and adolescents. All the parameters, except the SS, are significantly different between the current pediatric cohort and the reference adult cohort of Berthonnaud et al. [2] .
Results from the correlation analysis between spinopelvic parameters and age are shown in Table 4 . Only weak correlations (r<0.3) are observed and statistically significant relationships with age are found only for PI and PT, when all subjects are considered. TK and LT are related to age in males, but not in females. Globally, higher correlation coefficients are observed for pelvic parameters in females and for spinal parameters in males.
Correlations between all spinopelvic parameters are provided in Table 5 . Pelvic incidence, which is the only morphological parameter, is significantly related to pelvic (PT and SS) and lumbar (LL and LT) parameters. SS is strongly related to LL and moderately related to LT. PT is only weakly related to LL and is not correlated with LT. Pelvic morphological and orientation parameters are not related to thoracic parameters. No statistical correlation is found between PT and SS in this study, although they are mathematically related (Fig. 1 ). Significant relationships are found between spinal shape parameters (LL vs TK) and between spinal orientation parameters (TT vs LT). Spinal shape and orientation parameters are weakly correlated only in the thoracic region (TK vs TT), while they are unrelated in the lumbar (LL vs LT) regions. Figure 4 provides an overview of the correlations observed between parameters of adjacent anatomical regions. Parameters are separated in three conceptual groups: morphology (PI), shape (LL and TK) and orientation (SS, PT, LT and TT). Figure 5 is a graph illustrating the relationship between PI and LL and the associated logistic regression equation.
Discussion
It has been previously shown that pelvic morphology significantly influences the sagittal spinal geometry, especially LL [2, 10, 14, 19, 28, 29] . Some studies also suggest that there is an abnormal pelvic morphology and spinopelvic balance in patients with spondylolisthesis [4, 6, 11, 13, 15, 18, 24, 28] and AIS [20] . It is therefore important to understand thoroughly spinopelvic balance in normal individuals in order to evaluate the influence of pelvic morphology on the progression and treatment of spinal deformities. The cohort reported in the current study is the largest reported so far in the literature on pelvic morphology and spinopelvic balance in the pediatric population. In addition, this study is the first to suggest a postural This study confirms the findings of our preliminary work [21] , with similar values for all measured parameters (less than 1°in mean difference) ( Table 2 ). In addition, we report the global orientation of the kyphotic and lordotic segments of the spine in the thoracic and lumbar regions, respectively. TT and LT are negative for most patients, indicating a tendency for the backward tilt of both the thoracic and lumbar segments. This backward tilt of the spine may be required to counterbalance the upper body weight, which is mainly anterior to the spine, in order to maintain a stable posture.
As observed in our previous study [21] , all statistically significant correlations between spinopelvic parameters and age are clinically weak (0.1 £ r<0.3). However, in contrast to this study [21] , only the age-related changes in PI and PT reach statistical significance, although the cohorts are similar in age (mean and standard deviation). Accordingly, PI and PT are significantly higher in normal adults (Table 3 ). The similar SS in pediatric and adult subjects is in agreement with the observed lack of relationship between SS and age. All spinal parameters are significantly different between children and adults, although they are not correlated with age (Table 4 ). It is possible that the relationship between spinal parameters and age during growth is not linear and, therefore, could not be quantified appropriately using Pearson's coefficient. Another possible explanation for this finding is that the changes in spinal geometry during growth may not be associated with chronological age, but instead with other factors such as weight, height or bone age. In addition, since the adult reference cohort used for comparison was composed of individuals aged between 25 and 70 years, degenerative changes in the spine may have also intervened in some patients, as suggested in previous studies [9, 16, 17] .
The results from the correlation study between all spinopelvic parameters are similar to those already reported in adults [2] , except for PT and LT. Differences observed between adult and pediatric subjects in the strength of correlation for some parameters could be partly explained by the presence of ''immature'' control mechanisms of the sagittal balance in growing individuals. We have modified the postural model proposed by Berthonnaud et al. [2] to represent better the interdependence between morphology, shape and orientation of the spine and pelvis (Fig. 4) . In this modified scheme of correlations, we suggest that PI (a morphological parameter) is of prime importance in determining the orientation of the pelvis (PT and SS). As indicated by the strong correlation coefficients, the morphology of the pelvis (PI) regulates both the orientation of the sacrum (SS) and of the pelvis (PT). Sacrum orientation (SS) is correlated with the shape (LL) and orientation (LT) of the lumbar spine. There was no statistical relationship between both the pelvic orientation parameters (SS vs PT), although they are mathematically related because for each individual PI is the sum of SS and PT (Fig. 1) . Since each individual has a constant pelvic morphology (PI), the correlation between SS and PT is theoretically perfect (r = )1.0). The current investigation is a cross-sectional study, so there is a wide variation in PI when all the subjects are considered for statistical analysis. Consequently, we could not find a statistical relationship between SS and PT. When limiting the statistical analysis to subgroups of subjects with similar PI (results not shown), the correlation coefficient (r) reached statistical significance and was closer to the expected relationship (r = )1).
As previously described by Berthonnaud et al. [2] , the correlation scheme (Fig. 4 ) also supports the concept by which parameters of adjacent anatomical regions are interdependent, and their relationships result in a stable and compensated posture, presumably to minimize energy expenditure. This concept does not imply a causal relationship, but suggests that a modification in the shape or orientation parameter in a given anatomical region will affect the adjacent anatomical regions. Correlations between the pelvic and lumbar regions were particularly strong, as opposed to the moderate correlations between the lumbar and thoracic regions. This last finding suggests that the thoracic parameters could also be significantly influenced by the cervical region, so as to provide adequate balance of the head over the pelvis. The failure to assess the cervical sagittal balance is a recognized limitation of this study and was due to Fig. 4 Overview of statistical significant correlations between parameters of adjacent anatomical regions. Moderate (0.3 £ r<0.5) and strong (r ‡0.5) correlations are shown in dotted and full arrows, respectively. The mathematical relationship between pelvic tilt and sacral slope is also shown. The relationship between pelvic incidence and lumbar lordosis and between pelvic incidence and lumbar tilt, as well as weak correlations (0.1 £ r<0.3), are not included in the figure   Fig. 5 Logistic regression illustrating the relationship between lumbar lordosis and pelvic incidence the inadequate visualization of the cervical spine on the radiographs for most of the subjects.
Shape and orientation parameters of the thoracic and lumbar regions are not necessarily correlated, although a weak relationship (r=0.15) was found in the thoracic region between TK and TT (see Table 5 , Fig. 4 ). This implies that subjects with highly variable TK or LL tend to stand with similar TT and LT. In addition, PT was not related to the shape and orientation of the spine, except for a weak correlation with the LL (r=0.14). These findings, added to the fact that the tilt parameters (TT, LT and PT) present the smallest range and standard deviation, as also observed in adults [2] , suggest that the appropriate tilt of the pelvic, lumbar and thoracic regions may be the most important determinants to achieve a balanced posture. In particular, maintaining PT and LT within a strict range would be particularly important, since the pelvic and lumbar regions carry a great percentage of body weight and abnormal orientation of these spinal segments could result in undue energy expenditure to maintain a balanced posture.
Results from this study could be used as an aid in the planning of the surgical treatment of pediatric patients with spinal deformity, in order to provide an estimation of the sagittal spinal curves that need to be restored by the instrumentation. For example, the PI could be used to estimate the LL that needs to be set intraoperatively, because PI is a true morphological parameter (not affected by the positioning of pelvis or by surgery limited to the spine) and is significantly related to the LL. As shown in Fig. 5 , the regression line between PI and LL can be used as a guide to estimate the amount of total LL that should be expected by the surgeon with respect to a specific PI value. Alternatively, the logistic regression equation provided can also be used. However, it has to be remembered that other parameters such as the remaining growth, the spinal flexibility and the vertebral anatomy should also be considered when estimating the optimal sagittal curves to be restored.
Conclusion
When evaluating and treating patients with spinal disorders, significant knowledge of the normal spinopelvic balance is of primary importance. This study documents the spinopelvic balance in normal children and adolescents, and describes a scheme of correlations between morphological, shape and orientation parameters of the spine and pelvis. It is found that the PI regulates the SS and PT. In addition, shape and orientation parameters of adjacent anatomical regions are interdependent, and their relationships result in a stable and compensated posture, presumably to minimize energy expenditure. Results from this study could be used as an aid in the planning of the surgical treatment of pediatric patients with spinal deformity, in order to provide an estimation of the sagittal spinal curves that need to be restored by the instrumentation.
